High-resolution x-ray absorption near edge structure spectroscopy was used to characterize the metal sites in three different cobalt-substituted derivatives of Carcinus maenas hemocyanin (Hc), including a mononuclear cobalt, a dinuclear cobalt and a copper-cobalt hybrid derivative. Co(ll) model complexes with structures exemplifying octahedral, trigonal bipyramidal, pseudo-tetrahedral, and square planar geometries were also studied. The results provide structural information about the metal binding site(s) in the Co-Hcs that extend earlier results from EPR and optical spectroscopy (Bubacco et al. 1992. Biochemistry. 31:9294-9303). Experimental spectra were compared to those calculated for atomic clusters of idealized geometry, generated using a multiple scattering approach. The energy of the dipole forbidden ls->3d transition and of the absorption edge in the spectra for all cobalt Hc derivatives confirmed the cobaltous oxidation state which rules out the presence of an oxygenated site. Comparisons between data and simulations showed that the mononuclear and dinuclear Co(ll) derivatives, as well as the hybrid derivative, contain four-coordinate Co(ll) in distorted tetrahedral sites. Although the spectra for Co(ll) in dinuclear metal sites more closely resemble the simulated spectrum for a tetrahedral complex than do spectra for the mononuclear derivative, the Co(ll) sites in all derivatives are very similar. The Cu K-edge high resolution x-ray absorption near edge structure spectrum of the hybrid Cu-Co-Hc resembles that of deoxy-Hc demonstrating the presence of threecoordinate Cu(l).
INTRODUCTION
Hemocyanin (Hc) is an oxygen transport protein found in the hemolymph of several species of Mollusca and Arthropoda (Ellerton et al., 1983; Salvato and Beltramini, 1990) . The structure of Panulirus interruptus Hc (Arthropoda) has been solved to 3.2 A resolution by x-ray diffraction (Gaykema et al., 1984; Linzen et al., 1985; Volbeda and Hol, 1986) , and a refinement of the 3.2-A resolution data was reported (Volbeda and Hol, 1989) . More recently, the structure of subunit II of Limulus polyphemus oxy-Hc was solved to 2.2-A resolution (Magnus and Ton-That, 1992) . In this case, each fivecoordinate, square-pyramidal Cu ion is shown to be bound to the protein by three histidyl imidazole nitrogen atoms and to a dioxygen molecule. The copper-copper distance in this site is approximately 3.5 A. In the deoxy-form, the coordination number is reduced to three and each cuprous copper is bound to two imidazole nitrogens at 1.9 A, and to a third imidazole nitrogen at 2.7 A. The coordination symmetry of the three imidazoles to each Cu atom is approximately C3V around the Cu-Cu axis (Gaikema et al., 1984) .
A variety of chemical and spectroscopic studies have been undertaken to probe the structure of the dinuclear metal center. Electron paramagnetic resonance (EPR) and optical spectroscopy, although potentially useful for studying metal sites, cannot probe the structure of deoxy-Hc, because the two Cu(I) ions are EPR silent and exhibit uninformative ultraviolet-visible spectra. Although oxy-Hc exhibits some properties of a cupric ion, it also is EPR silent because of antiferromagnetic coupling mediated by the bound dioxygen molecule (Solomon et al., 1976; Dooley et al., 1978) .
Information about ligand type, coordination number, and bond lengths has also come from copper extended x-ray absorption fine structure (EXAFS) spectroscopy of oxyand deoxy-Hc from a variety of species (Woolery et al., 1984; Brown et al., 1980; Co et al., 1981; Feiters, 1990; Blackburn et al., 1989 ). X-ray absorption near edge spectroscopy (XANES), a related technique, provides information unavailable from EXAFS concerning the geometry and valence state of metal ions. XANES can be usefully applied to the study of native and metal-substituted hemocyanins (Brown et al., 1980) and can probe differences in geometry between sites having equivalent coordination number. Cu x-ray absorption edge spectra for a large series of Cu(I) and Cu(II) complexes, including the multi-copper oxidase laccase, have also been reported (Kau et al., 1987) .
In the present study, the XANES technique was used to characterize the metal sites of native Cu-containing oxy-and deoxyforms of Carcinus maenas Hc and its Co-substituted derivatives. These included a mononuclear (Salvato et al., 1986) and dinuclear cobalt species and a hybrid that contains one Cu and one Co in the active site (Bubacco et al., 1992) . Also examined were several Co(II) model complexes. An aim in this report is to characterize the metal binding site of the cobalt-substituted derivatives and to determine the valence state of the cobalt in the dinuclear derivative, since the EPR spectrum of the latter does not exhibit the signal intensity expected for two independent Co(II) ions, suggesting either spin coupling or oxidation to Co(III) (Bubacco et al., 1992) . Also, the EPR signal of the monocobalt derivative, although characteristic of high-spin Co(II), does not provide unambiguous information concerning the coordination number of the metal ion. Finally, the issue of oxygen binding by the dinuclear Co(II)2-Hc is addressed through the elucidation of the oxidation state of the metal ions. Although other reports published on cobalt-substituted Hc have suggested a tetrahedral site for the bound metal ion (Suzuki et al., 1982; Loroesch and Haase, 1986; Dutton et al., 1990) , the presence of unspecifically bound metal compromised a structural characterization of cobalt bound only at the active site.
Simulation of spectra using a multiple scattering (MS) scheme provides a structural analysis of the XANES spectra and of the small but significant changes in the series of spectra for the various derivatives. The results provide a clear demonstration of the coordination number, geometry, and oxidation state of the metal ions in the Co-containing Hc derivatives .
EXPERIMENTAL PROCEDURES Materials
C. maenas Hc was purified as described by Salvato et al., 1986 . A mononuclear derivative containing a single Co(II) at the active site Co(II)-Hc, and a dinuclear derivative, Co(II)2-Hc, were prepared from the apoprotein; the hybrid derivative, Cu(I)-Co(II)-Hc, was prepared from native Hc (Bubacco et al., 1992) . Although the chloride and thiocyanate present in the reconstitution mixture might be tightly bound in the cobalt derivatives, their presence is ruled out based on the EXAFS analysis of these derivatives (L. Bubacco, R. S. Magliozzo, L. Powers, and J. Peisach, unpublished observations). Some Hc samples used for XANES spectroscopy were prepared by lyophilization of protein solutions in phosphate buffer to which 1:2 w/w sucrose was added. Other samples were examined in glycerol solution. These were prepared by ultracentrifugation of the aqueous protein solution containing 150-200 mg of Hc (with a Beckman XL70 ultracentrifuge and a 7OTi rotor) at 60,000 rpm (371,000 X g) for 4 h. The pelleted protein was redissolved in 1 ml of 5 mM Tris-HCl buffer at pH 7.0 containing 50% w/w glycerol and was stored at -20°C until used.
The model compound [Co(Et4dien) C12], with Et4dien = bis(2-diethylaminoethyl)amine, prepared as described elsewhere (Ciampolini and Speroni, 1966) . The Co structure is approximately trigonal bipyramidal with a chlorine and a nitrogen in the apical positions (Dori et al., 1967) . The ligand N-(o-hydroxy-benzylidene)ferroceneamine = L, a Schiff base molecule carrying a ferrocenyl group, and its metalated complex, Co(II)L2, were prepared as previously described (Bracci et al., 1990) . An x-ray diffraction analysis (Bracci et al., 1990) of the copper analogue, Cu(II)L2, shows a distorted tetrahedral geometry for this complex. On the basis of visible spectra and magnetic susceptibility data (Bracci et al., 1990) , the Co(II)L2 complex contains high-spin Co(II) and is used here as an example of a pseudo-tetrahedral structure. Phthalocyaninatocobalt (II), Co(PC), was purchased from Eastman, and was purified by vacuum sublimation (10-2_10-3 Torr) at 400-450°C. A square planar geometry for the four-coordinate lowspin Co(II) has been reported for this compound (Kasuga and Tsutsui, 1980; Moser and Thomas, 1983 ).
X-ray absorption spectra for Co and Cu were collected up to 120 eV above the K-edge using the Wiggler beam line of the Adone storage ring at the Laboratori Nazionali of Frascati. Transmission mode was used for the lyophilized or powder samples and fluorescence mode for samples in solution. Spectra were acquired with an average current of 30 mA at 1.5 GeV electron energy. High resolution (0.5 eV) was achieved using a Si (111) monochromator with a 1-mm entrance slit. The signal-to-noise ratio was usually 20 at the absorption edge. The acquisition of fluorescence data was performed using two NaI(Tl) Teledyne scintillation detectors positioned at 900 with respect to the beam. The samples, positioned at 450, were contained in Teflon cells with 2-mm thick Mylar windows. Spectra were recorded at room temperature. A straight line fitting the background was subtracted from the data and the final form of the curves was plotted after application of a smoothing function. In all experimental spectra presented here, the energy 0 is fixed at the absorption threshold for metallic reference foils.
Methods
The XANES signal In the one-electron approximation, the absorption coefficient ,u(E) is determined by dipole transitions from the core level, c, characterized by the quantum numbers n and /with energy Ec, to the jth unoccupied state with energy Ej. An electron from a core level having angular momentum f is excited into the /± 1 final state. In a K-edge spectrum, only the /= 1 (p-like) final states are allowed by the A/= +1 dipole selection rule. Modulations of the x-ray absorption signal above the absorption threshold in the XANES (0-60 eV) and EXAFS (60-1000 eV) regions are interpreted as continuum resonances due to the interference between the photo-emitted and the scattered electron waves within the atomic cluster surrounding the metal (Durham, 1988) . In the MS approach in real space, the total absorption coefficient ,(E, e) (with energy E and polarization vector E) can be expressed as
in which X.(E, E) are the modulations of the atomic absorption coefficient po(E), due to the scattering pathways of the emitted photoelectron starting and ending at the central atom involving n-i neighboring atoms. The first term of the sum, X2(E, E) represents single scattering contributions, i.e., the EXAFS signal. The shape and the intensity of the multiple scattering resonances depend on scattering pathways that give non-negligible contributions to the interference process, hence they depend on the geometry and size of the cluster and on the type of ligand.
XANES simulation: construction of the molecular potential
The MS calculation is done in the frame of the one-electron theory by using a non-self-consistent molecular electron potential. The scattering properties of the surrounding atoms on the photoelectron generated by core excitation are described by the atomic phase shifts experienced by the photoelectron wave when it encounters each surrounding atom, i.e., its potential in the "muffin tin" (MT) form (Pendry, 1974) . The MT potential is calculated around each atomic species (the MT spheres) by first superimposing and spherically averaging the shells of atomic charge densities around the central atom, then solving the Poisson equation for the Coulombic part of the potential. An exchange-correlation potential is added using a local approximation of the X, type (Slater, 1979; Kutzler et al., 1980; Doniach et al., 1984) , where a is the Slater exchange factor. The MT description of the potential is routinely used in the calculation of energy bands in solids, and has been successfully applied to calculate XANES spectra of high symmetry molecular systems, but it is expected to be less accurate for low symmetry clusters. Notwithstanding these limitations, the MT approximation has been found to be rather accurate for a variety of species, including extended asymmetric metallic sites in proteins (Bianconi et al., 1985) and ionic materials (Kitamura et al., 1987) .
After core excitation, the electrons in the excited atom experience a different potential due to the excited electron-hole dipole. Since the nucleus is less screened after removing the core electron, the wave functions of the passive electrons are pulled in toward the nucleus by attractive interaction with the core and relax to lower energy. Therefore, the description of this scattering process is a (time-dependent) many-body problem. However, the need to consider the time dependent relaxation can be removed assuming that the potential seen by the photoelectron is the static potential that exists after all passive electrons are fully relaxed. In this way the description of the scattering process is reduced to a one-electron problem. Therefore, phase shifts and scattering amplitudes can be calculated using this fully relaxed potential. In the Z + 1 approximation, the fully relaxed MT potential around the central atom is closely approximated by that of an atom with an atomic number greater by one unit . Hence in the following, when we refer to the scattering properties of the absorbing Co (i.e., MT radius and phase shifts) that of Ni are to be intended.
Our criterion of choosing the radii of the MT spheres is as follows: as a first step, we compute the MT potential choosing non-overlapping MT radii (RMT) of each atomic species (i.e., Co, N, 0, and C) as the radii at which the neutral atomic potentials of neighboring atoms intersect. The values determined for the first pair of neighbors are extended to all the other shells.
After this first step one obtains different values Vm-of the MT potential at the boundary of each MT sphere (where i indicates the atomic species).
The MT radii are then refined, under the limits of non overlapping spheres, by searching for the minimal deviation of these different values from their averaged value VMT. The value VMT is taken as the interstitial constant of the MT potential. In the case of very simple (ordered) systems, such as monatomic or diatomic crystals with cubic symmetry, MT radii corresponding to a convergence of VMT; values within 0.01 eV are determined automatically by a computer program, using a multivariable minimization algorithm. However, in the case of the Co(I1) clusters relevant to the Hc active site structure, with very low symmetry and four atomic species, we found an unsatisfactory discontinuity of the interstitial potential. We then found a very low discontinuity using only two atomic species, Co and N (i.e., obtaining phase shifts of N for 0, N, and C atoms). This approximation is justified by assuming that the scattering parameters for the element of atomic number Z and its Z -1 and Z + 1 neighbors are similar. The final choice was R"(Co) = 1.09 A and Rm(N) = 1.05 A. The validity of the choice of the MT radii is then tested by the reproduction of the XANES spectra of known structures (see Fig. 2 ). Although the final choice can be poorly related to other molecular properties, it is the best way to reduce the discontinuities of the potential and to make the calculations meaningful. The value of the intersphere constant was VMT = -19.76 eV with a discontinuity of less than 0.04 eV. This value is found below the continuum threshold (also called vacuum level), so in the XANES simulation, two energy regions will be differentiated: 1) the region from the VMT value to the vacuum level, containing localized, quasi-atomic electron states; and 2) the region beyond the vacuum level, containing highly delocalized molecular electronic states.
XANES simulation: multiple scattering calculations
The calculations in real space using the full multiple scattering formalism were carried out using our G4XANES procedure, assembled by merging and extending several pre-existing programs. This unique procedure, described elsewhere (Li et al., 1991; Palladino et al., 1993) has been used to perform XANES simulations on different kinds of compounds, e.g., crystals (Li et al., 1991) , small molecules (Palladino et al., 1993) , and low-symmetry metal sites in proteins (Amiconi et al., 1989; Congiu Castellano et al., 1991 , Della Longa et al., 1992 , and minimizes the arbitrary choices in the construction of the MT potential. The input for the calculations are the appropriate atoms and the coordinates of the metal cluster. In the case of simple (ordered) systems, such as monoatomic or diatomic crystals with cubic symmetry, true ab initio calculations are performed, because no other input data are required. In fact, the MT radii are automatically found by the program, as described above, and the other unknown parameters, as the Slater exchange factor, are fixed in the program at their default values (Li et al., 1991) . The procedure then calculates the MT potential and the atomic phase shifts and the output is the XANES spectrum.
The final program of the procedure (an extension of that of Durham et al., 1982) calculates the angular momentum selected transition probabilities to occupied and unoccupied electronic states beyond VMT. To simulate K-edge XANES spectra, we calculate the transition probabilities starting from the deep metal core level ls (f= 0, ml= 0) to delocalized final states with p-symmetry (/= 1, m = 0,1). Therefore the program calculates E//z (m,.= 0) and Ellxy (m,= 1) polarized XANES spectra. The unpolarized spectrum is obtained by a 2:1 weighted sum of the Ellxy and E//z spectra.
The program can work without any limitation in symmetry. Symmetry parameters are handled by the program, however, by assuming that the cluster has a rotational axis of symmetry and/or a mirror plane. Scattering that depend on z-oriented pathways are distinguished from those of planar xyoriented pathways by the polarized calculations. Thus, the contributions of axial and equatorial scattering may be treated separately and the changes in the unpolarized spectrum can be interpreted in terms of structural changes in the atomic cluster.
A key factor in the XANES calculations using the MS procedure is the size of the cluster, i.e., the number of scattering shells considered. The size is determined by the electron inelastic mean free path and the core-hole lifetime, and is usually the same as that probed by EXAFS. For highly ordered systems (i.e., crystals), clusters up to 7 A are known to contribute to the observed spectrum . For samples with high structural disorder, such as solutions and amorphous compounds, often just a single shell analysis can reproduce the most prominent spectroscopic features.
Calculation of the polarized spectra for increasing cluster size, i.e., including additional atomic shells, enables the extraction of additional information relevant to the structure of ligands.
Comparison between theory and experiment: broadening factors
To compare calculated spectra with XANES data collected for dilute samples, a broadening function may be required to convolve the numerical results of the MS calculation. The width of the broadening function depends on many factors, some of which are energy-dependent, and only a few are known a priori for the compound studied. We have convolved our data with a Lorentzian function with a F factor resulting from summing an experimental resolution of 0.5 eV, a lifetime broadening of 1.3 eV (Krause and Oliver, 1979) , and an energy dependent factor representing the photoelectron lifetime due to the inelastic scattering with valence electrons. This energy-dependent term has been extracted starting from the integral of the measured electron energy loss function in different Cu compounds (Fink et al., 1989) , in the range from 0 to 40 eV. This procedure gives an estimate of the total energy dependent broadening factor, but its actual values are adjusted by comparison with the experimental spectra.
Finally, the energy alignment of the calculated spectrum to the experimental one is done by superimposing the ls -* 3d calculated transition with the experimental pre-edge peak P in the derivative spectrum.
Discussion of errors in XANES simulations
The limitations and errors in the XANES simulation for biological compounds arise from different factors. First, the basic approximations of the procedure (use of a non-self-consistent potential generated by a model cluster) involves systematic errors that depend on the model chosen. For example, in calculating the MS XANES for the octahedral single-shell cluster, a different choice of the molecular potential in the MT approximation, obtained by changing the atomic MT radii by about 10% and leaving the same Co-N distance, induces spectral changes equivalent to a 0.01-0.03 A variation of the Co-N distance in the model without a change in MT radii.
Poorer approximations resulting in larger errors will pertain as the asymmetry of the first shell increases. The second factor involves the uncertainty due to the atomic Debye-Waller factors that account for structural and thermal disorder. Last, the presence of more than one molecular structure, i.e., different conformational substates at the metal site, as shown for the Fe site in myoglobin (Hong et al., 1990) , cannot be excluded, whereby the experimental spectrum will be due to a weighted sum of the populations of each molecular configuration at a given temperature. A XANES computation including molecular dynamics, however, is beyond the scope of the present work.
The overall systematic errors are therefore in practice much larger than those implicit in the relatively high sensitivity of the MS XANES calculations to simulated structural changes of an ideal compound (in the example of the Co-N distance in octahedral CoN6 cluster it is less than 0.01 A).
For known structures, a very good agreement is found between calculations and experimental XANES spectra in terms of the energies of the peaks, although a poorer agreement for their intensity is expected. Although these limitations must be considered when attempting to derive information about the interatomic distances and geometry, it is clear from the results presented below that the structural origin of changes in spectral features can be analyzed and understood. Fig. 1 shows the spectra of hydrated CoSO4, Co(II)(Et4dien)-C12, Co(II)L2, and CoPC. Crystalline CoSO4 is orthorhombic with four molecules per unit cell, and the coordination around Co(II) is a distorted octahedron (Wyckoff, 1964) with an average Co-O distance of 2.1 A. The K-edge XANES spectrum of CoSO4 shows a sharp main peak above the absorption threshold, at approximately 16 eV (Fig. 1 C) . The intensity ratio between this peak and the atomic absorption jump is 1.5. This high ratio and the sharpness of the peak is typical of octahedral Co(II) complexes. The MS theory shows that this peak receives resonant, in-phase contributions from both single scattering and successive orders of collinear multiple scattering pathways . The pre-edge region (from -5 to 5 eV) and the rising edge region (from 5 to 12 eV), are devoid of relevant features, whereas a multiple scattering broad peak arises at about 29 eV ( Fig. 1 D) .
RESULTS

Co(lH) model compounds
The complex Co(II)(Et4dien)C12, whose spectrum is shown as the second curve in Fig. 1 , is five-coordinate with three nitrogen and two chlorine ligand atoms, according to the x-ray structure (Dori et al., 1967; Di Vaira and Orioli, 1969) . The geometry of this complex is close to trigonal bipyramidal with one Cl at 2.32 A and one N at 2.16 A in the axial positions. The bond lengths for the two other nitrogen atoms are 2.19 and 2.21 A. The bond length for the second Cl is 2.36 A. The XANES spectrum of this compound shows a shoulder on the rising edge at 8 eV (B) and shows features near 12, 17 and 29 eV. A weak pre-edge peak (P) at 1 eV is present. The intensity ratio between the main peak and the atomic absorption jump is 1.2, somewhat lower than that for the six-coordinate species above. The lower intensity ratio in four-coordinated and five-coordinated species is according to MS theory attributed to a lower number of collinear multiple scattering pathways with respect to octahedral complexes. In particular, the tetrahedral cluster has the characteristic that there are no MS pathways with atoms in collinear positions. The third curve in Fig. 1 shows the XANES spectrum of Co(II)L2. The x-ray structure of this complex has not been solved, but x-ray crystallography of the analogous Cu(II) complex shows a flattened tetrahedral coordination (Bracci et al., 1990) with copper-nitrogen bond lengths of 1.95 and 1.99 A, and copper-oxygen bond lengths of 1.88 and 1.90 A. The Co(II)L2 complex is reported to be pseudo-tetrahedral according to visible and near infrared absorption spectra (Lever, 1984) . New features for this complex include an increase of the intensity of the pre-edge peak at 1 eV and a general broadening and decrease of the intensity of the sharp main peak at 16 eV (C) concomitant with an increase of the intensity of the feature at 29 eV (D). The 1 eV pre-edge peak (P) is generally assigned to a dipole allowed transition from the ls to an unoccupied anti-bonding orbital t2 for tetrahedral transition metal clusters of the type MO4 (Kutzler et al., 1980; . The final state has d orbital symmetry and its intensity depends on the valence of the metal; it is negligible for absorbing metals with filled d shells, e.g., Cu(I) (3d'0) and it is very strong for V(III) (3d0). For the same metal in different environments, the intensity of ls --3d transition depends on the coordination geometry. It is completely dipole-forbidden for centro-symmetric octahedral symmetry, but has non-zero intensity for non centrosymmetric clusters, and it has strong intensity for tetrahedral clusters due to the metal d-p orbital mixing through the perturbation of the ligand field. Other mechanisms are known to give minor contributions to the intensity of the pre-edge peak, such as the allowed magnetic dipole and electric quadrupole transitions, metal 3d-ligand orbital mixing, and vibronic coupling with the metal-ligand bond vibrations (Sano et al., 1992) .
The bottom curve of Fig. 1 shows the XANES spectrum of the square planar complex, CoPC. Transition metal complexes with D4h, D2d, and D2h symmetry exhibit a characteristic shoulder at the absorption edge (peakA at -6 eV) the origin of which is still debated. In recent years, most discussions have focused on its origin in Cu(II) square planar compounds and many electron processes considered by a self-consistent-field approach have been invoked. The shoulder has been interpreted as a ls -* 4p transition simultaneous with a ligand-to-metal shakedown (Kosugi et al., 1984) . Alternatively, one electron MS calculations have successfully reproduced the XANES spectra of tetragonally distorted metal complexes (Palladino et al., 1992) . The shoulder, in the MS scheme, arises from a ls --Ep quasi-bound resonance, polarized perpendicular to the coordination plane.
The general shapes and features of the spectra in Fig. 1 are reproduced by the calculated XANES spectra shown in Fig. 2 . Calculated spectra for single shell clusters are shown, including those for octahedral CoN6, trigonal bipyramidal CoN5, tetrahedral CoN4, and tetragonally distorted (square planar) CoN4N2.The Co-N distances were set equal to 2.0 A in all cases except for the axial Co-N distances in the model CoN4N2, which were set to 2.7 A. It is noteworthy that the spectra of Fig. 1 are satisfactorily reproduced by the calculated spectra of Fig. 2 XANES spectra for Co(Il)-substituted C. maenas hemocyanin The Co K-edge XANES spectra of three Co-substituted C. maenas Hc derivatives are shown in Fig. 3 Fig. 3 B the first derivatives of the spectra in Fig. 3A are shown in the same order revealing the energies of the spectral features 13, 'y, and 8 which are given in Table  1 . Fig. 3 C shows the second derivatives (multiplied by -1) of the spectra, which are useful in evaluating the energy of the features B, C, and D. The spectrum of the dinuclear derivative in solution is the same as that of the lyophilized sample and show broadened threshold features and the pre-edge peak, P, at 1 eV. The similarity demonstrates that the lyophilization process does not alter the structure of the Co(II)2-Hc metal binding site. The energy of the pre-edge peak and of the absorption threshold for the dinuclear and the mononuclear derivatives are the same as those of the model Co(II)L2. Therefore, the oxidation state of cobalt in the Hc derivatives is demonstrated to be 2+, in accord with evidence from EPR for the mononuclear derivative and optical spectra for both mononuclear and binuclear forms (Bubacco et al., 1992) . The presence of Co(III) is ruled out since the energy threshold would be 2-3 eV higher for the cobaltic ion in the same symmetry, following the energy shift of the ls core level binding energy due to the variation of the metal charge . The intensity of the well defined pre-edge peak and the low intensity ratio (1.25) between the main peaks, C and D, and the absorption jump indicate that the Co sites in both the mono and dinuclear Hc derivatives are four-coordinate, with geometries close to tetrahedral (Yachandra et al., 1983) . The results also demonstrate that both Co(II) ions in the dinuclear derivative are bound in similar sites, suggesting that the active site is fully loaded.
A comparison of the first derivative spectra for the monoand dinuclear cobalt derivatives indicates that all features occur at the same energy for both species. Therefore, any differences between the structure of the mono-and dinuclear cobalt binding sites can be explained by changes in bond angles and not in bond lengths ). The pre-edge peak is larger for the dinuclear cobalt Hc, suggesting that the geometry of Co(II) is closer to tetrahedral when two metal ions are present in the active site. A weak feature (B) is present in all spectra. The single-shell calculation does not predict this feature and it is necessary to include three shells to reproduce it (see below). The feature A (Fig. 2,  bottom) , typical of square plane complexes, is absent. Finally, we note that the three curves have different intensity Co(ll) clusters relevant to the Hc active site structure The single-shell calculation for the tetrahedral CoN4 cluster shown in Fig. 2 does not reproduce all the features that appear in the spectra of Co(II)-Hcs. To improve our analysis, we have calculated the polarized XANES spectra for additional model clusters. In Fig. 4 we show the single shell MS calculation for a hypothetical three-coordinate C3V cluster, Co-(N)3 related to the structure of deoxy-Hc and the three-shell simulation for a Co(imid)3 cluster including a second cobalt ion at 3.6 A. The first shell in these models has three nitrogen ligand atoms at a distance of 1.95 A. The displacement of the Co from the plane defined by the three nitrogen atoms is 0.6 A. In the Co(imid)3 model, the three imidazole rings are oriented with their planes parallel to the C3 axis, and this axis is chosen as the z-direction in our calculations. The second shell contains six carbon atoms and the third shell contains three carbon atoms, three nitrogen atoms, and one cobalt atom, leading to the notation Co-(imid)3-Co.
MS simulations of
We have carried out three-shell calculations both in the presence and in the absence (not shown) of a second Co atom, at a distance of 3.6 A from the central one, on the z axis. The results for these simulations show that the effect of a second Co atom on the calculated spectrum is so weak that its contribution must be negligible in the experimental one. This is very different from the behavior observed in EXAFS results. For example, in the Cu K-edge of hemocyanin, a welldefined single peak in the Fourier transform of the EXAFS signal has been assigned to a Cu-Cu single scattering resonance (Brown et al., 1980 ). An explanation is found by examining the scattering parameters of the atoms. The backscattering amplitude F(k) and phase (4(k) (k is the photoelectron wave number) are energy-dependent. For example, treating the photoelectron wave as a plane wave (Teo and Lee, 1979) , the calculated F(k) for Cu is about 0.7 A for k 7 A-i (in the EXAFS region) but becomes low, F(k) 0.35 A for k 3 A-i, in the XANES region. In contrast, the multiple scattering signal coming from imidazole rings is weak at high energy, but becomes strong for lower energies of the photoelectron, in the XANES region. So the Co-Co single scattering signal, probably relevant in EXAFS, is completely suppressed in XANES by the strong multiple scattering of the imidazole rings. Hence, in comparing the Co K-edges of Co(II)-Hc, Cu(I)-Co(II)-Hc, and Co(II)2-Hc de-rivatives, the differences in the XANES spectra are expected to result from changes in ligand geometry around Co, without any direct contributions from Cu-Co or Co-Co single scattering effects.
The calculated single-shell spectra for the three-coordinate Co(N)3 cluster (Fig. 4, bottom) show the feature P below the vacuum level due to the ls-*3d transition (Ellxy polarized, 8 eV above VMT), and the broad bandA arising from localized p-states (Ellz polarized). The bandA has the same origin here as in tetragonally distorted metal complexes discussed above and gives rise to a shoulder at the absorption threshold in the unpolarized spectrum. The Ellxy polarized spectrum has the same shape as that shown for the tetrahedral cluster in Fig.  2 , as expected due to the similarity between Td and C3V symmetry clusters. The single-shell calculation gives no resolved features in the continuum energy region and is therefore inadequate to simulate the experimental spectra.
In the three-shell calculation of Fig. 4 , in addition to a weak perturbation of the peak P and the band A, the new features, B and C appear at 22 and 27 eV above VMT. The peak D, at 34 eV above VM, represents contributions from the first shell (three imidazole nitrogens) and multiple scattering from further shells. The intensity and the position of these new peaks appearing upon incorporation of second and third shell scattering atoms will depend on the position of the imidazole rings, but we do not explore this structural feature here. The three-shell calculation also lacks agreement with the spectra of the derivatives shown in Fig. 3 in the energy region of bandA. This band is very weak (or possibly absent) in the experimental spectra. Therefore, a three-coordinate, three-shell C3V model does not adequately simulate the spectra for the Hc derivatives.
We have also calculated spectra for a hypothetical model, Co(Imid)30, with an additional ligand atom bound in the first shell (i.e., Co-N30-C6-C3N3). This pseudo-tetrahedral model has three imidazole nitrogens occupying three vertices at 1.95 A and an oxygen ligand occupying the fourth coordination position at a distance of 1.8 A on the z axis. We note here that nitrogen and oxygen atoms are practically indistinguishable in XANES spectra, as in EXAFS, because their backscattering amplitudes and phases are very similar (Teo and Lee, 1979) . The single-shell calculation in both polarizations (not shown) were very similar to the calculated tetrahedral CoN4 cluster shown in Fig. 2 . The calculated threeshell polarized XANES spectra are shown at the bottom of fits the experimental data better than the three-coordinate model considered above (see below). The top of Fig. 5 shows the unpolarized spectrum of the tetrahedral-like model after application of broadening terms. The unpolarized calculation is used to compare the experimental and theoretical spectra more readily.
In Fig. 6 we superimpose this calculation on the XANES spectrum of the lyophilized dinuclear Co(II)2-Hc, after alignment of the spectra obtained by subtracting 7 eV from the theoretical spectrum. The energies of the peaks are shown in Table 2 . Although the correspondence between data and the calculated spectrum is good, there are discrepancies that have two contributing factors: 1) the expected disagreement between theoretical and experimental peak intensities, especially in the pre-edge peak; 2) the degree of distortion of the real atomic cluster from the symmetry of the model. Fig. 7 shows a comparison of the first derivative of the calculated spectrum with those of the lyophilized dinuclear Co(II)2-Hc (bottom) and the lyophilized mononuclear Co-(II)-Hc. The low-energy region of the theoretical spectrum (localized states) fits the data for both derivatives very well: therefore the distortion of the first shell from the symmetry of the model cluster is small. The calculated spectrum fits that of the dinuclear derivative better than the mononuclear derivative. Furthermore, the pre-edge peak intensity in the experimental spectrum for the binuclear derivative is more pronounced than for the mononuclear derivative. These observations suggest that the ligand geometry in the dinuclear derivative is closer to the tetrahedral case.
The results at this point in our analysis are consistent with a four-coordinate binding site for the Co(II) ions of both the mono-and dinuclear derivatives, based on similarities to the Co-N3R spectra of model complexes and on the simulations for the pseudo-tetrahedral cluster with four ligands. We considered extending our analysis to include hypothetical oxygenated cobalt sites since there is a report (Dutton et al., 1990) of oxygen binding to a dinuclear cobalt derivative of L. polyphemus Hc. Since the XANES spectra indicated the presence of Co(II), it seemed unlikely for there to be oxygen bound to the active site in the dinuclear derivative: oxygenated cobaltous complexes are formally cobaltic-superoxide or dicobaltic-peroxide (Michailidis and Martin, 1969; Morris and Martin, 1969) . Spectra were nevertheless simulated for two five-coordinate models containing three imidazoles, plus a molecule of dioxygen (i.e., Co-N302-C6-C3N3Co) (Fig. 8) . The oxygen molecule in native Hc (Magnus and Ton-That, 1992) and in an oxygenated dinuclear Cu model compound (Kitajima et al., 1989 ) is bound as a ptrj2_'r2 peroxodinuclear copper complex. In the first of these "oxy" models, the imidazole ring geometry is the same as in the deoxy-like configuration of Hc described above. In the second, the overall geometry is square pyramidal and the Co atom lies in a plane defined by two imidazole nitrogens and the oxygen atoms of the dioxygen molecule. The third imidazole nitrogen occupies the apical position. The bond lengths of the first shells in these models are all set to 1.95 A (Feiters, 1990) . Whether these models are relevant or not to the actual chemical species that would be present in an oxygenated site is superseded by the fact that they also serve to simulate spectra for higher coordination number Co(II) complexes not considered above.
The first derivatives of the calculated unpolarized spectra for the four active site models (going from three-coordinate deoxyto five-coordinate oxy-) are shown in Fig. 8 . Large differences are seen in the amplitude of the ,3 and y peaks. In the deoxy-like cluster (bottom curve), the high intensity of the peak ,B and the presence of the peak a originate from the A band (seen in Figs. 4 and 5) . In the simulations of the oxygenated models, the increase of the and y peaks is a consequence of the increased coordination number of Co. Moreover, in the spectrum of the square pyramidal oxy-Co cluster (top curve), the feature corresponding to the pre-edge peakP is quenched. Consideration of these calculated spectra leads to the conclusion that only the four-coordinate model fits the experimental data well. Therefore, the simulations confirm that Co in the derivatives studied here is fourcoordinate and has pseudo-tetrahedral geometry and rule out the possibility that the dinuclear derivative contains ,u:j2-7r2 bound dioxygen. Even if from the XANES simulations we cannot exclude the presence of dioxygen bound end-on in cisor trans-mode to the two Co atoms (in this way each Co would be four-coordinated), the cobaltous oxidation state rules out the presence of an oxygenated site. Recent investigations on the temperature dependence of optical spectra of Co(II)-Hc (Vitrano et al., 1993) , are consistent with the presence of an exogenous ligand strongly bound to the two metal ions of the dinuclear derivative. Independent structural data giving the Co-Co distance in the dinuclear and mononuclear derivatives could confirm this indication. Cu(I)Co (11) C. maenas hemocyanin. This species was reported to contain one mole of Cu(I) and one mole of Co(II), based on atomic absorption and results of optical and EPR spectra (Bubacco et al., 1992 ). Fig. 9 shows the Co K-edge XANES spectra of lyophilized Co(II)2-Hc (bottom) and that of the lyophilized hybrid (top). The spectrum of the hybrid Hc shows the same features, including the prominent pre-edge peak, P, at the same energies as the dinuclear Co(II)2-Hc. Therefore, the hybrid metal active site also contains four-coordinate pseudo-tetrahedral Co(II).
In Fig. 10 , we compare the Cu K-edge XANES spectra of the lyophilized hybrid Cu(I)Co(II)-Hc (bottom spectrum), with that of lyophilized oxy-Hc (diamonds) and deoxy-Hc (circles). It should be noted that the spectrum of the oxyform arises from cupric copper and that of the deoxyform from threefold coordinated cuprous copper in the active site (Brown et al., 1980) . The spectrum of the hybrid Hc shows the prominent structured shoulder at 6-8 eV typical of threecoordinate Cu(I) (Kau et al., 1987) . This result indicates that the copper in the hybrid has an electronic and geometric structure very similar to that in deoxy-Hc. Since both metals of the hybrid exhibit the spectra of their counterparts in the dinuclear sites, these results suggest they both occupy the active site. We note here that samples of the hybrid derivative may contain small amounts of oxy-Hc due to incomplete conversion with Co(II) (Bubacco et al., 1992) , but no attempt was made to quantitate its contribution in the spectrum of this species.
The same structural feature indicated for the origin of the A band in the Co "deoxy-like" cluster shown in Fig. 4 contributes to the shoulder in the Cu K-edge of deoxy-Hc. From the one-electron formalism (Muller and Wilkins, 1984) it is known that the overall magnitude and shape of a particular spectrum is determined by the/--> E(/+ 1) atomic transition probability which has a rather smooth energy dependence, and varies weakly with the atomic number Z. The fine structure of the spectrum is determined by a solid state factor proportional to the density of states with 1°+ 1 orbital character, and therefore depends on the atomic environment. Extensive studies (Kutzler et al., 1980; the shape of the continuum resonances of the K-XANES spectrum depends on the atomic environment, more than on the particular absorbing atom. 
CONCLUSIONS
Earlier reports describe several cobalt-substituted Hc derivatives for which a distorted tetrahedral coordination geometry was inferred from optical spectroscopic properties alone, in spite of the presence of excess cobalt bound to the protein (Suzuki et al., 1982; Loroesch and Haase, 1986; Dutton et al., 1990) . In the present report, a structural characterization was achieved for cobalt specifically bound to the active site. The analysis of XANES spectra of Co(II) derivatives of hemocyanin shows that the metal binding sites in mononuclear and dinuclear Co(II)-Hc is four-coordinate. This conclusion is based on similarities between the spectra of the Hc derivatives and those of model complexes and on the agreement with simulated spectra using MS calculations. Furthermore, the geometry of the first shell is pseudo-tetrahedral, with three imidazole nitrogen ligands and a fourth ligand, possibly oxygen from a water ligand. The first derivative spectra of mono and dinuclear Co-(II)-Hcs show all features at the same energy, suggesting that the metal ligands and the first shell ligand bond lengths are the same for each metal ion bound. This result demonstrates structurally equivalent binding sites for both Co(II) ions in the dinuclear derivative and, therefore, is consistent with both ions being bound in the active site, known to be symmetrical from the crystallographic analysis of the coppercontaining protein (Gaykema et al., 1984) .
The spectrum of the dinuclear derivative is more closely related to the calculated XANES spectrum for an ideal tetrahedral case than that of the mononuclear derivative and shows an increased intensity of the ls --3d pre-edge peak.
Therefore, the geometry of both Co(II) sites changes toward more tetrahedral when two Co(II) ions are loaded into the active site of the protein. These results are consistent with previously reported optical spectroscopic findings showing a larger optical extinction coefficient and a decreased ellipticity per Co(II) in the dinuclear derivative, as compared to the mononuclear derivative. These last findings were previously interpreted by assigning greater tetrahedral character to the metal bound in the dinuclear species (Bubacco et al., 1992) .
Finally, Cu(I)-Co(II)-Hc contains four-coordinate pseudotetrahedral Co(II) and three-coordinate Cu(I) in the hybrid active site. Thus, the Co(II) in the hybrid is similar in geometry to the Co(II) in the dinuclear derivative while the Cu(I) is bound as in deoxy-Hc.
